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Characterize Performance of a Prototype Electrochemical Compressor
(Regular)

Executive Summary

This report documents experimental study to characterize performance of a prototype electrochemical
compressor, provided by Xergy INC. It describes the working mechanism and its electrochemical
efficiency and isentropic compression efficiency. The experimental results demonstrate that the prototype
compressor is able to pump hydrogen flow from 25 psia to 140 psia, and deliver the flow rate as
predicted. On the other hand, its efficiency level is low, having the electrochemical efficiency less than
40%, and isentropic efficiency below 47%. Using two identical ECC compressors in parallel will reduce
the current density and ohm loss, which can increase the isentropic efficiency up to 67% with increased
cost. Further improvements on the compressor are suggested, e.g. using more conductive membrane, etc.

Introduction

Electrochemical compression (ECC) is usually used to compress hydrogen, as illustrated in Figure 1. It
imposes a voltage across a membrane, where hydrogen molecules are decomposed to protons and
electrons. The electrons are assimilated at the anode, and the protons travel through the membrane to the
cathode. Hydrogen molecules are regenerated at the cathode side. In this process, the hydrogen flow is
able to overcome the pressure differential across the membrane via consuming electrical energy.
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Figure 1: Working Mechanism of an Electrochemical Compression Process [1]

The hydrogen flow is driven by the electrical current, which can be calculated using Faraday’s Law [2],
dn I
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Where dn/dt is the hydrogen molecule flow rate across the membrane, / is the electrical current, F is
Faraday’s number. It can be seen that the hydrogen flow rate is not affected by the inlet and outlet
pressures.

The electrical voltage across a membrane consists of three parts,
U= UNernst + Uohm + Uac (2)



Where Uy, .s: 18 Nernst potential, i.e. the actual force driving the hydrogen flow. U, is caused by the

anode and cathode polarization, which is usually negligible for an ECC compressor using membranes.
U, nm 1s caused by the electrical resistance in the membrane, which is a loss factor and converts electrical

energy to heat.

Uohm =1Ix Ri (3)
Where R; is the internal electrical resistance of the membrane.
RX Ty
UNernst = T oF In (P gis/ Psuc) 4)
Where R is the gas constant, Ty, is the ECC compressor’s process temperature [K]. Py, [pa] is the
compressor’s discharge temperature and P, [pa] is the suction pressure.

Thus, the electrochemical efficiency of the compressor is defined as Equation (5).
Nec = UNernst/(UNernst + Uohm) 5

Since it is still a process to compress gas, the compressor efficiency can be measured in terms of

isentropic efficiency.

Nis = (Hout,is - Hin)/(Hout - Hin) (6)
Where H;,, and H,, are the enthalpies entering and leaving the compressor. H,,; shall be calculated using
energy balance, i.e. H,,, = H;, + W/My,, W is the power input to the compressor, My, is the hydrogen
mass flow rate. H,,, s is the isentropic exit enthalpy, obtained at the discharge pressure and the same
entropy as the suction state.

Prototype ECC Compressor and Test Setup

Xergy Inc. sent a prototype ECC compressor to ORNL, as shown in Figure 2a, b. The ECC compressor
has 120 cells, placed in parallel in the hydrogen flow direction, i.e. each individual cell is exposed to the
common suction and discharge pressures. And the 120 cells are connected in series electrically. Pressure
range of the ECC compressor is from 20 psia to 150 psia, and the maximum allowed voltage across each
cellis 0.5 V.

Figure 2 (a): Top view of a pototyf)e ECC Figure 2 (b): Side iew of a prototype ECC
compressor (1&3 are suction ports; 2&4 are compressor (1: positive(+); 2: negative(-) for DC



discharge ports ) voltage connections)

We constructed an experimental facility, aiming to evaluate the compressor performance, as below. As
shown in Figure 3, the ECC compressor cycled hydrogen flow between two cylinders (heat exchangers-
MHHX) containing metal hydride powder (LaNis). Two three-way valves were used to alter the flow
direction. It first pumped hydrogen from one MHHX to the other. A controller changed the flow
direction, via turning on/off the two three-way valves, when the suction pressure hit below 25 psia or the
discharge pressure reached over 140 psia. A pressure relief valve and a bypass two-way valve were
installed to protect the compressor’s discharge pressure from exceeding 150 psia. Water is needed by the
membrane, but doesn’t interact with the working fluid. Consequently, a bubbler, containing water, was
installed at the suction side, and a dryer was installed at the discharge side to prevent the moisture from
entering the MHHXs. The hydrogen flow rate was measured by a gas flow meter made by Omega.
Pressures and temperatures entering and leaving the compressor were monitored.
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Figure 3: System Diagram of the ECC compressor Test Facility



Figure 4: Laboratory Set up

Experimental Results
Figure 5 shows the measured suction and discharge pressures when driving the hydrogen flow at 1 A
current. It can be seen that the ECC compressor compressed the gas from 25 psia to 140 psia reliably.
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Figure 5: Measured Suction and Discharge Pressures at 1.0 A Current

Figure 6 illustrates the measured average hydrogen flow rate versus the theoretical flow rate, as a function
of the driving current. The measurements were well in line with the predictions. It was observed that 0.7
A was the minimum current to produce the lowest measurable hydrogen flow rate.
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Figure 6: Measured Hydrogen Flow Rate versus Theoretical Predictions

The table below presents detailed measurements for calculating the compressor isentropic efficiency and
electrochemical compression efficiency.

Table 1: Measured Data for Efficiency Calculations

Current [A] 0.7 0.8 1 1.5 2 2.5
Total Volt [V] 4.3 4.8 5.8 7.2 8.8 10.5
DC power input to the compressor [W] 3.0 3.9 5.8 10.8 17.6 26.3
Average Suction Pressure [psia] 36 36 37 34 33 31
Average Discharge Pressure [psia] 111 115 122 105 103 101
Average Suction Temperature [F] 75 75 76 74 74 74
Suction Enthalpy [Btu/lbm] 1682 1684 1687 1681 1680 1681
Suction Entropy [Btu/lbm/R] 11.8 11.9 11.8 11.9 11.9 12.0
Theoretical volumetric flow rate [slpm] 0.585 0.668 0.836 1.253 1.671 2.089
Theoretical mass flow rate [Ilbm/hr] 6.96E- | 7.95E- | 9.94E- | 149E- | 1.99E- | 2.48E-
03 03 03 02 02 02
Discharge Enthalpy [Btu/lbm] (energy balance) 3152 3344 3686 4163 4699 5290
Isentropic discharge enthalpy [Btu/lbm] 2378 2407 2439 2378 2392 2408
Nernst Potential, Upyerns [V] 1.7 1.8 1.8 1.7 1.7 1.8
Compressor isentropic efficiency [%] 47% 44% 38% 28% 24% 20%
Compressor electrochemical efficiency [%] 40% 36% 31% 24% 20% 17%

Figure 7 presents the measured total voltage (from 2 to 1 in Figure 2b) as a function of the driving
current, the function is also called Polarization Curve. In addition, the ECC efficiency (defined in
Equation 5) and isentropic efficiency (defined in Equation 6) were plotted in the Figure. The Upgppe 1S
mainly a function of the pressure ratio, which was not impacted by the driving current in the same
pressure range. However, the ohm loss increased fast with the current. The resultant ng. dropped from
40% to 17%, and isentropic efficiency dropped from 47% to 20%, when increasing the current from 0.7 A
to 2.5 A. It indicates a need for Xergy to improve the compressor design by using more conductive
membrane material, because the ECC efficiency was lower than 50% even at the minimum current of 0.7
A. It has to be noted that the measured max isentropic efficiency is only 47% at very small flow rate, this
is worse than a typical vapor compression compressor, i.e. > 60%; and its isentropic efficiency at larger
current (hydrogen flow rate) decreases to 20%.
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Figure 7: ECC Compressor’s Total Voltage and Efficiencies Changing with Electric Current

Suggested Improvement

As indicated in [3], the state-of-art electrochemical hydrogen compressor reached an isentropic efficiency
of 75%. For the prototype ECC compressor, the calculated membrane electrical resistance is 3.7 ohms.
We can reduce the resistance via using more conductive membrane. Or, a simpler way is to put two
identical ECC compressors in parallel and split the hydrogen flow rate, which will deduct 50% electric
resistance and ohm loss. Certainly, this will increase the cost. The figure below compares the isentropic
efficiency curves with using a single ECC compressor and put two in parallel. Using two ECC
compressors in parallel can increase the isentropic efficiency to 67% at the 0.7 A current.
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Figure 8: Isentropic Efficiency Curves with using a single and two parallel ECC compressors.



Summary

1. The prototype compressor is able to pump hydrogen flow from 25 psia to 140 psia with delivering
the theoretical flow rate.

2. The compressor’s electrochemical compressor efficiency is less than 40%, and isentropic
efficiency is below 47% even at the minimum current of 0.7 A. In addition, the efficiency drops
fast with increasing the driving current and the ohm loss. It implies that energy efficiency of an
ECC refrigeration system will decrease when increasing the capacity. Controlling small current
density is necessary for developing a high efficiency system. Using two identical ECC
compressors in parallel will reduce the current density and ohm loss, which can increase the
isentropic efficiency up to 67% with increased cost.
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